Municipal solid waste (MSW) is generally disposed of at landfills, and is highly attributed to its simplest and cheapest disposal procedures if compared to other approaches such as incineration [1] . Landfills bring negative impact to the environment due to leachate and biogas emission for biowaste [2] . A high amount of biowaste, particularly food waste, can be found in municipal waste. Approximately 45% of municipal solid wastes are organic food waste, followed by inorganic wastes such as plastics and glass [3] . A comprehensive study of food segregation is thus crucial. Segregation of food from waste results in a reduction of organic decomposition arising in a landfill and thus cuts down the generation of leachate. On one hand, the amount of landfill leachate could be lessened with the rare existence of organic matters. On the other hand, the segregated organic substances can be processed independently for methane gas generation, i.e. a green energy for biogas production [4] . Moreover, incineration of these inorganicfree substances produces less residue and toxic gas.
Introduction
Municipal solid waste (MSW) is generally disposed of at landfills, and is highly attributed to its simplest and cheapest disposal procedures if compared to other approaches such as incineration [1] . Landfills bring negative impact to the environment due to leachate and biogas emission for biowaste [2] . A high amount of biowaste, particularly food waste, can be found in municipal waste. Approximately 45% of municipal solid wastes are organic food waste, followed by inorganic wastes such as plastics and glass [3] . A comprehensive study of food segregation is thus crucial. Segregation of food from waste results in a reduction of organic decomposition arising in a landfill and thus cuts down the generation of leachate. On one hand, the amount of landfill leachate could be lessened with the rare existence of organic matters. On the other hand, the segregated organic substances can be processed independently for methane gas generation, i.e. a green energy for biogas production [4] . Moreover, incineration of these inorganicfree substances produces less residue and toxic gas.
Electrostatic separation provides an effective approach to recovering the reusable matter from solid wastes. It has been widely employed in applications involving the dry separation process, e.g. to recover conductors from non-conducting mixtures [5] . The separation process with a roll-type electrostatic separator sorts the charged bodies from the uncharged under an intensive electric field. It serves as an environmentally friendly way for recycling and reusing the resources without negatively impacting the surroundings [6] .
Iuga et al. applied the technique in processing granular wastes of chopped electric wires in removing polyvinyl chloride (PVC) wire insulation from copper conductors [7] . Moreover, they utilized the electrostatic force for feldspar extraction from pegmatite, which contains quartz and muscovite mica. They summarized that electrostatic separation is a better way for mineral beneficiation techniques, as compared to flotation method and magnetic sorting, especially for small granular sizes (i.e. < 0.5 mm) [8] .
Ravishankar and Kolla stated the separation efficiency not only owing to particle sizes, but also other factors, e.g. humidity and temperature [9] . In line with the arguments, several studies have analyzed the different electrostatic separation processes. Elder and Yan concluded that the separation efficiency of mineral sand relies on the rotation speed, electrode configuration, temperature of granule, and other parameters [10] . Besides, Aman et al. identified the supply potential as one of the key factors (in spite of electrode position) for metal recovery [11] . A study from Calin et al. revealed that the different compositions may affect the separation results in separating the plastic mixtures [12] . In brief, the electrostatic separation process is a multi-factorial process that requires the simultaneous control of both mechanical and electrical forces on the granular mixtures [13] . Various parameters affect the performance of the separation process, depending on its experimental design and application.
In order to make the separation process less sensitive to the effects of random variability, this study classifies the various design factors into two groups, namely system factor and random (or noise) factor. Various input parameters of the separator, e.g. voltage level and rotating speed, were defined as system factor due to the possibility of improving system performance significantly. On the other hand, environmental conditions, characteristic variation of samples, and any source of natural occurrences were considered random factors [14] . We propose to having a robust design to reduce the variations of the process conditions caused by the random factor. Robust design refers to a proper experimental arrangement that makes the process insensitive to the sources that are hard to control in practical conditions. This design, implemented using the Taguchi method, is a statistical technique in enhancing manufactured goods quality [15] .
The Taguchi method identifies the dominant process parameters and determines the appropriate operational environment in which an experiment is to be performed. It has been applied in a number of industries and proven to be a critical success in controlling the process quality [16] . Basavarajappa et al. [17] , Davidson et al. [18] , Hsu et al. [19] , and Mahapatra et al. [20] utilized Taguchi in analyzing the impacts caused by various parameters. Interactions between empirical factors and responses were discussed. Chiang and Hsieh [21] , Comakli et al. [22] , Keles [23] , and Lin et al. [24] employed the same approach in process optimization and performance evaluation. The aim was to identify the optimal operational conditions. Taguchi experimental design, which is based only on a minimum number of experiments, provides a reliable model for criterion selection and decision making [25] . This paper employs Taguchi to assess the biowaste segregation process from the solid waste mixtures. It is a robust parametric analysis technique with a reduced number of experiments [26] . Biowaste refers to the wasted foods. In the present study, a roll-type electrostatic separator was utilized for biowaste recovery. The schematic of the separator was shown in Fig. 1 . The separator delivers the biowaste granules (B) to the right-most tank and the non-biowaste granules (NB) to the left-most. The mixtures of granules that fall to the middle tank are classified as middling product (M) and used as an indicator of recovery efficiency. In the robust design, voltage level and roller rotation speed were defined as system factors [14] , whereas the water content and size of biowaste granules were selected as random factors. Water content in biowaste decides its conductivity and likelihood to be moved to the right-most tank. However, this parameter is hard to control in practical conditions [27] . The size of granules, on the other hand, varied due to the machinery limitation. This random factor may eventually lead to low recovery efficiency [28] . Robust design using Taguchi in the present study targets limiting the negative impact of these hard-to-control random factors toward the separation process. To our best knowledge, this is the first robust design report for biowaste separation process using an electrostatic separator.
Experimental Procedures
Taguchi's methodology of experimental design is based on an orthogonal array arrangement, where the inner array and outer array are, respectively, the system factor and random factor. The four factors, namely voltage level, rotation speed, water content, and particle size diameter were varied by three different levels. In the full factorial design, a total of 34 or 81 sets of experiments are required to be performed and analyzed. However, only nine experiments (L-9 orthogonal array) are required for this four-factor-threelevel system using Taguchi. This has reduced the time and cost to acquire the same necessary information. A signal-to-noise ratio (SNR) is used as the objective function to determine robustness. SNR is viable for replicated experiments to facilitate data filtration and noise reduction. It has been widely employed in stochastic screening and optimization problems as a performance measure [29] . SNR relies on the orthogonal array output, which specifies the effects of various factors on the response formation. There are three different types of objective functions, namely nominal-is-best, larger-is-better, and smaller-is-better. The larger-is-better type of objective function is defined as: (1) ...whereas the smaller-is-better type of objective function is calculated by: (2) ...where n is the number of evaluation and y i is the mass collected from holding tanks in each evaluation such that
Relative influences of the factors on the response can be analyzed by studying the sum of squares (SS) and percentage (%) effect. The sum of squares can be determined by:
...and percentage effect can be measured by: (5) ...where N is the number of experiments conducted with the same factor level, SNR --is the mean of the SNRs, and Dof is the corresponding degrees of freedom. The percentage effect indicates the significance of the factor on response, i.e. the factor with the highest value of % effect is more dominant and important than those with lower % effect. In order to investigate the impact of the random factors from biowaste, the samples (1.0-4.0 mm) were prepared synthetically. The water content of biowaste ranged 10-30%. The mass of each sample was 100 g, consisting of 40 wt % biowaste (fruit skin) and 60 wt % non-biowaste (plastic, glass). The mass collected from the holding tanks was measured by a precision balance with resolution of 0.1 g in each run.
Four factors varied within three levels were selected: particle size diameter (1.0 mm, 2.5 mm, and 4.0 mm), moisture or water content (10%, 20%, and 30%), roller rotation speed (60 rpm, 70 rpm, and 80 rpm), and supplied voltage level (20 kV, 25 kV, and 30 kV). Table 1 tabulates the factors with their corresponding levels.
As this is a design of four factors with three levels, an orthogonal array was built and shown in Fig. 2 . They were five design points in the inner array, and each of them was surrounded by a square of outer array with other four design points. Thus, nine design points were selected for the Taguchi method to form an L-9 array (Table 2 ). In general, Table 2 . Robust design of L-9 orthogonal array.
the system factors (rotation speed, voltage level) have an effect on the average output of the process, whereas the random factors (size diameter, water content) may or may not influence the values around the average. Outcomes of this study enable dominant factor selection for biowaste recovery from waste mixtures.
Results and Discussion
The recovered biowaste mass and middling products mass collected from the tanks were used as the experiment responses of the L-9 array. The responses were tabulated in Table 3 with their corresponding SNRs calculated using equations (1, 2) . This study was to decide the effective separation conditions for maximal biowaste recovery and, meanwhile, minimal middling products. Thus, the larger-isbetter and smaller-is-better types of objective functions were applied, respectively. The former type is generally aligned with a positive sign, whereas the latter has a negative SNR value. Table 4 shows the analysis of SNRs. The sum of square of each factor was calculated using equation (3), whereas the effect of each factor on biowaste recovery and middling was measured by equation (5), as illustrated by Fig. 3 . It is noticeable that the voltage level has the maximum effect (39.44%) on effective recovery of biowaste, followed by the size diameter (26.93%), water content (17.90%) and rotation speed (15.73%) within design range. On the other hand, the minimal middling product was mostly influenced by voltage level (79.78%). The water content has a negligible effect (0.78%) if compared to rotation speed (12.07%) and size diameter (7.37%). Table 4 . Analysis of different factors on biowaste and middling.
It was unsurprising from Fig. 3 that the voltage level appears as a key factor for electrostatic separation. A high level of supplied voltage implies a large number of biowaste granules that can be attracted toward the biowaste collection tank (tank I). Meanwhile, the non-biowaste granules were effectively pinned and moved to the nonbiowaste tank (tank III). Therefore, the middling product dropped within was consequently minimized. A similar phenomenon was observed on particles with large diameters (4.0 mm). These particles with large surface area were subjected to more attraction and pinning effects, thus making them drop to the collection tanks effectively.
Besides, it is worth noting that the factor water content only applied to biowaste granules, as it improves their conductivity. The factor hence has much greater impact on biowaste recovery results than the middling. This phenomenon is in good agreement with our experimental findings as shown in Fig. 3 . The rotation speed of the separator also demonstrated perceptible influences on both responses. This can be explained by the centrifugal force caused by roll speed. Centrifugal force plays a certain role to detach the wastes at the right point, in addition to the attraction and pinning forces induced by the electrodes.
The graphical representation of the effect of design factors on maximal biowaste recovery was shown in Fig. 4 . It was apparent that the best situation happened with large particle sizes (4.0 mm) with 20% water content under a 60 rpm rotation speed and 25 kV of voltage level. By analyzing the graphical representation of the effect of design fac- tors on the minimal middling product shown in Fig. 5 , it was observed that large particle size is preferable. However, water content of 20% is not good for middling minimization, though it contributes to the maximal recovery of biowaste. Considering the water content does not have much influence on the middling product, 20% water content of biowaste is an optimum selection. By studying and comparing Figs. 4 and 5, voltage levels of 25 kV and 30 kV give, respectively, the best maximal biowaste recovery and minimal middling product. Meanwhile, rotation speed of 60-70 rpm has almost on equivalent effect on both SNRs. Therefore, a robust design of biowaste separation process can be achieved at a voltage level of 25-30 kV with a roller rotating within 60-70 rpm. With this operational condition arrived at by using the Taguchi method, variations from random factors (i.e. granular particle size and biowaste water content) can be minimized and thus enhance separation efficiency.
Conclusion
The Taguchi method provides an approach to improving the performance of processes. The robust design using Taguchi limits the variations of random (noise) factors. It identifies the significant influence of each design factor and determines the type of objective functions. In the present study, the larger-is-better type of objective function was applied for maximal biowaste recovery, whereas the smaller-is-better type of objective function was used to yield minimal middling product. Analysis revealed that the above-mentioned functions can be attained when voltage level is 25-30 kV with rotating speed at 60-70 rpm. The study also suggests that the 4.0 mm particle size of biowaste with 20% water content causes less error but enhances separation performance. 
